A proper description of the respiration and ethylene generation is important in the development of package systems for the preservation of fresh fruits and vegetables. In this work, a model based on both Michaelis-Menten and chemical kinetics equations was developed and assessed in order to describe the respiration and ethylene generation of avocado (Persea americana cv. Hass) and feijoa fruits (Acca sellowiana Berg) from experimental data obtained at different temperatures by a closed system method. The temperature effect in both processes was described using Arrhenius-type relationships. After this, avocadoes and feijoas were packed in perforated low-density polyethylene (LDPE) and polypropylene (PP) bags for 8 days at 12°C and 80% RH to validate the usefulness of the model to describe the gas evolution in modified atmosphere packaging (MAP). For avocado fruits, respiration rates of 2680-3030 cm 3 kg -1 d -1 were obtained at 24°C and normal atmosphere, and 3650-4230 cm 3 kg -1 d -1 for feijoa fruits. As for ethylene production rates, at 24°C were obtained values of 3.11 cm 3 kg -1 d -1 for avocado and 0.50 cm 3 kg -1 d -1 for feijoa. At 6°C, respiration and ethylene production rates were up to 6 times lower. It was possible to describe properly the ethylene generation using a Michaelis-Menten simple equation and the respiration rates using a Michaelis-Menten uncompetitive kinetics for both fruits with coefficients of determination above 0.9 in each case. The overall model was validated in the MAP test being possible to predict successfully the O 2 , CO 2 and C 2 H 4 levels inside the packages.
Introduction
Avocado (Persea americana) and feijoa (Acca sellowiana Berg) are tropical fruits that have had a significant growth in production over recent years. However, once these fruits are harvested, they undergo rapid decay in their quality properties so to the use suitable storage methods is fundamental.
Avocado is a tropical fruit globally distributed. [1] The fruit is recognized for its nutritional characteristics with a high content of unsaturated fatty acids, vitamin E, ascorbic acid, vitamin B 6 , β-carotene, and potassium. [2] It is a climacteric fruit characterized by an increase in ethylene generation at the onset of ripening. [3] Its postharvest life is limited, ripening after 5-10 days of harvest at 18-22°C. [2] It can be stored at refrigeration temperatures (5-6°C) for 2-4 weeks. The fruit respiration rate ranges between 530 and 1450 cm 3 kg −1 d −1 (within climacteric peak), and its ethylene generation rate is between 0.96 and 2.16 cm 3 kg −1 d −1 at 20-23°C. [4] Feijoa or pineapple guava is an evergreen shrub of the Myrtaceae family, native to South America. [5, 6] The fruit is recognized for its exceptional nutritional qualities with a high content of iodine and vitamin C, antioxidant compounds such as flavonoids and polyphenols. [7] Feijoa is a climacteric fruit with a limited postharvest life, ripening after 1-2 weeks of harvest at 16-17°C. It has a commercial storage life of four weeks at 4-5°C, with a maximum shelf life of 5 days at 20°C. [8] The fruit respiration rate (r CO2 ) oscillates between 360 and 700 cm 3 kg −1 d −1 at a temperature of 4-5°C; and may change to between 1660 and 1750 (climacteric peak) cm 3 kg −1 d −1 at 20-23°C. Its ethylene generation rate is between 0.9-1.2 cm 3 kg −1 d −1 at 20-23°C. [8, 9] Given the short shelf life of these products, it is necessary to use proper storage systems such as modified atmosphere packaging (MAP) or controlled atmospheres (CA) to preserve their quality properties longer. [6, 10] However, the successful use of these systems depends on the previous consideration of the respiration and ethylene production. As fruits ripen, they will consume oxygen from its surroundings and produce autocatalytic ethylene and CO 2 , reason for which the desired conditions to be achieved involve a change in the atmosphere surrounding the fresh product reducing O 2 and ethylene, and increasing CO 2 . In this way, it is possible to influence product´s metabolism and/or the activity of decay-causing microorganisms to increase storability. [11, 12] Nevertheless, to achieve the wanted gas levels it is necessary to know the rate at which the stored product will consume O 2 and will be producing C 2 H 4 and CO 2 toward this atmosphere to determine the suitable package permeability in MAP or gas flow required in CA depending on the system conditions. [10, 13] Several authors have developed mathematical models to describe respiration in fruits, many of them based on Michaelis-Menten kinetics (MM). [11, 12, 14] However, only some of them take into account the combined effect of the concentrations of O 2 and CO 2 in the atmosphere surrounding the product and the storage temperature. As for the modeling of ethylene production in post-harvest storage only available some works that do not consider all of the above variables and apply to a limited number of produce. [15] [16] [17] For avocado and feijoa, some data on respiration and ethylene generation have been published as previously mentioned, but there are no models available yet to describe the behavior of these processes in relation to storage time and temperature. For avocado, Hertog et al. [18] presented a respiration rate equation based on the Michaelis-Menten enzyme kinetics at a single temperature (7°C). Devlegiere et al. [15] also present a model based on simple MM to describe respiration and ethylene production as a function of O 2 for avocados and other produce. For feijoa, to the authors' knowledge, there are no equations available so far. We decided to study these two fruits because they have been considered promising for cultivation in Colombia due their export possibilities. [19] . Therefore, developing models to predict the behavior of respiration and ethylene production with application in MAP will boost these processes.
In this work, a mathematical model to describe the evolution in the respiration and ethylene generation processes for avocado and feijoa fruits is presented, and its application in the modelling of MAP systems for these produce is evaluated. The fruit respiration and ethylene generation rates were estimated at different temperatures by using Michaelis-Menten enzyme kinetics and chemical kinetics (CK) equations together with Arrhenius' law. The data predicted by these equations were compared with experimental data aiming to select the most suitable ones according to their accuracy and reliability. After this, the usefulness of the respiration and ethylene production equations was validated through an integrated model including gas exchange through the MAP system to predict the evolution of gases in the packaging headspace for both fruits.
Materials and Methods

Fruit Samples
The fruits were obtained from commercial growers located in Rionegro in the department of Antioquia (avocadoes cv. Hass), and Tibasosa, department of Boyacá (feijoas cv. Quimba), in Colombia. The fruits were harvested at physiological maturity stage, 20 weeks from flowering time for feijoa [8] and 35 weeks for avocado, [20] and later transported to the Postharvest Laboratory, Faculty of Agricultural Sciences, Universidad Nacional de Colombia (Bogotá, Colombia) in the following days. After discarding those with evidence of damage, fruits of homogeneous characteristics were selected and stored at 8ºC. The following day, groups of both types of fruits were randomly picked to determine the respiration and ethylene generation rates. The rest of them were packaged in MAP to perform the validation test of the model obtained from the equations used.
Determination of the Respiration Rates
The rates of O 2 consumption and CO 2 generation at different temperatures by fruits were determined using a closed system method. One avocado fruit (200 ± 20 g) and two feijoa fruits (150 ± 20 g), were placed in open glass containers of 2020 cm 3 during an hour of acclimatization at the experiment temperature and then hermetically sealed. O 2 and CO 2 concentrations in the headspace were measured by taking a gas sample of 5 cm 3 through a rubber seal on the top of the container, which was analyzed with an electronic analyzer Oxybaby ® 6i (Witt-Gasetechnik GmbH & Co. KG, Witten, Germany) previously calibrated with Gas Chromatography. One cm 3 of air was introduced into the container to replace the withdrawn sample. The tests were performed in temperaturecontrolled cabinets to 6, 10, 17, and 24°C, setting temperature in ±0.2°C and taking measurements at regular intervals for maximum 3 days, avoiding reaching the phase of anaerobic respiration. All measurements were performed in triplicate, reporting the average value of each concentration. Respiration rate to each temperature was calculated using the following equations:
where r O2 (t) and r CO2 (t) are the respiration rates at time t, Δt is the time elapsing between two successive measurements. y O2t-1 , y CO2t-1 are the O 2 and CO 2 mole fractions determined in the previous measurement than reported at time t and y O2t+1 , y CO2t+1 are the O 2 and CO 2 mole fractions determined in the subsequent measurement than reported at time t, respectively. To describe the experimental behavior of the respiration process in the fruits (and the effect of atmospheric O 2 and CO 2 levels), various equations have been proposed. Among these equations stand out the Michaelis-Menten equations based on the enzyme kinetics principle and the CK equations based on the reaction order, which have been used due their suitable representation of this biochemical process and good fit of experimental data. [11, 21, 22] The simplest Michaelis-Menten Kinetics (MM) is shown in Eq. (3). This equation is based on a limiting enzymatic reaction where the substrate is O 2 . The respiration rate, in this case the O 2 consumption rate r O2 , is: [11, 23] 
A similar equation can be defined for the CO 2 production rate, also in function of y O2 . In some studies, [21, 23, 24] the inhibitory effect by CO 2 on respiration has been considered using the M with uncompetitive inhibition (MMU) due the CO 2 . [11, 24] The MMU equations for the respiration process in terms of O 2 consumption and CO 2 generation are respectively:
In CK equations, apparent reaction orders are considered to explain the effect of O 2 and CO 2 concentrations on the respiration rates: [22] 
The respiration rate in the product changes with temperature. In the Michaelis-Menten enzyme kinetics, it can be considered that the parameters outlined above will vary depending on storage temperature. [12, 21] Similarly, in the CK equations the rate coefficients are temperature-dependent. [22] The dependence of MM/MMU parameters and CK rate coefficients on storage temperature has been expressed using Arrhenius-type equations as follows (in this case, for the maximum O 2 consumption rate for example):
Similar equations can be generated for the other parameters in Eqs. (3) (4) (5) (6) (7) . In this work, the MMU (Eqs. [4 and [5] ) and the CK equations (Eqs. [6] and [7] ) were used, evaluating at the end the expression that better fits the experimental data obtained. The experimental values of r O2 , r CO2 , y O2 , and y CO2 generated at each temperature were substituted in the linearized form of the MMU and CK equations to obtain the respective parameters by multiple linear regressions. The temperature dependency was determined by replacing the parameters of each equation in the linearized form of the Arrhenius equation (Eq. [8] ) estimating the pre-exponential factors and the activation energies for each parameter.
Determination of the Ethylene Generation
Ethylene generation rate for the avocado and feijoa fruits was determined at the same time as respiration measurements by sampling the hermetically sealed glass containers with the fruits inside. For each temperature, ethylene samples were taken by removing 1 mL of gas with a syringe through the rubber seal, which were then analyzed by injecting the samples into an Agilent 7890A gas chromatograph (Agilent Technologies Inc., Santa Clara, CA, USA). Calibration was performed, from different mixtures of ethylene (0 to 500 ppm) and making a calibration curve of ethylene concentration (in mole fraction) versus peak area. All measurements were made in triplicate. As described above for respiration, ethylene generation rate to each temperature was calculated as follows:
where r C2H4(t) is the ethylene production rate at time t, Δt is the time interval between two successive measurements, y C2H4t-1 is the ethylene mole fraction determined in the previous measurement than reported at time t and y C2H4t+1 is the ethylene mole fraction determined in the subsequent measurement than reported at time t, respectively. Ethylene is a phyto-hormone that plays critical roles in many aspects of plant growth and development and environmental responses of plants. [25] Climacteric fruits are characterized by a ripening-related increase in respiration and high ethylene synthesis to coordinate and synchronize ripening. [26] Ethylene is bio-synthesized from methionine in three single steps, involving enzymes S-adenosylmethionine (SAM) synthetase, 1-aminocyclopropane-1-carboxylate (ACC) synthase, and ACC oxidase. [27] ACC oxidase catalyses the formation of ethylene, using ACC and O 2 as substrates, with ascorbate as co-substrate, and Fe 2+ and CO 2 as co-factors. [17] The ethylene production depends on O 2 presence, so low O 2 levels lead to a decrease in its production rate. In addition, due to CO 2 act as inhibitor of ACC oxidase enzyme, high CO 2 levels also lead to a decrease in the ethylene production. [28] There are not many works on the representation of the production of ethylene based on the environmental conditions surrounding a stored produce (O 2 and CO 2 levels and temperature). De Wild et al. [28] have proposed a simple MM to describe the ethylene production rate as a function of the O 2 concentration in the atmosphere, similar to Eq. (3), while Sanders and De Wild [17] considered that a positive cooperativity between substrate and enzyme could exist. The latter means binding of a substrate molecule to one site on an enzyme increases the affinity of other sites on the enzyme. Thus, the ethylene production rate no longer follows a simple MM, so a term relating cooperativity is included becoming the Michaelis-Menten Cooperative (MMC) equation:
In the equation above, h is the term representing the degree of cooperativity, known as Hill coefficient. The highest integer above the estimated h gives the minimum number of binding sites. The effect of temperature on the parameters of the ethylene generation equations also can be represented using Arrhenius's law.
In similar way as for respiration, to describe the evolution in the ethylene production from the experimental data, the MM simple (similar to Eq. [3] ) and MMC kinetics (Eq. [10] ) were used, evaluating at the end the expression that better fits the experimental data obtained.. For the MM equation, the experimental values of r C2H4 , y O2 , and y C2H4 generated at each temperature were substituted in the linearized form of the respective equation and the MM parameters were obtained by multiple linear regressions. For the MMC equation, the corresponding parameters were estimated substituting the experimental data and solving the equation using a non-linear regression. The MM and MMC equations were compared by using an adjusted R 2. [16, 17] The R 2 adj allows the comparison between non-linear models and compensates for possible bias due to different number of parameters. As before, the temperature influence was estimated by replacing the parameters of each equation in the linearized form of the Arrhenius' law and obtaining the pre-exponential factors and the activation energies for each parameter. At this stage, after obtaining the various parameters, the respiration and ethylene production equation that best represented the evolution of gases, were selected to perform the validation experiment in a system of MAP.
Application in MAP and Validation
After finding the parameters of the equations of respiration and ethylene generation and selecting the most suitable in each case, an experiment was conducted packaging avocado and feijoa fruits in two types of perforated bags to validate their capacity to describe the gas evolution in a MAP system. 208.1 ± 11.4 g of avocado and 181.3 ± 9.1 g of feijoa were packed in polypropylene (PP) bags and 181.1 ± 8.9 g of avocado and 189.5 ± 8.3 g of feijoa were packed in low-density polyethylene (LDPE) bags. The initial volume headspace were 427.1 ± 10.9 cm 3 for avocado and PP, 359.8 ± 10.6 cm 3 feijoa and PP, 477.3 ± 8.8 cm 3 for avocado and LDPE, and 503.3 ± 9.8 cm 3 for feijoa and LDPE, respectively. In the experiment, cast-PP bags with a thickness of 0.025 ± 0.002 mm and LDPE bags with a thickness of 0.018 ± 0.001 mm (both, Rediplast, Bogotá, Colombia) were used. The bags had a total internal surface area of 1000 cm 2 and an effective transfer-area of 800 cm 2 . In each bag, a single perforation of 0.280 mm effective diameter was made to ensure the O 2 level in the headspace did not reach 0% by previously simulating the evolution of the system using the respiration and ethylene production equations and the differential balance equations for each gas (Eqs. [14] [15] [16] ) described below. The perforation size was measured using an optical microscope (Motic ® B1-220A, Speed Fair Co., Ltd., Richmond, Canada). Packages with the fruits inside were stored in a controlled-temperature cabinet to 12 ± 0.2°C for 8 days, keeping relative humidity (RH) constant at 80 ± 1%.
For all tests, measurements of O 2 , CO 2 ethylene concentrations in the packages were performed throughout the storage time in the same way as described above in the respiration and ethylene generation tests. All measurements were conducted in triplicate. The initial headspace gas composition in the packages was similar to that of the atmosphere.
Permeability coefficients of both films to C 2 H 4 were experimentally determined using a static permeation cell with a film transfer-area of 1074 cm 2 . The test film was placed in the middle of the two compartments. The lower compartment of the permeation cell with a volume of 755 cm 3 was flushed with N 2 containing 3400 ppm of ethylene and the upper compartment was open to the atmosphere. Once made the flushing, the remaining ethylene concentration in the lower compartment was determined continually at regular intervals by GC as described in the ethylene generation test. The permeability coefficients Q C2H4 were calculated as follows:
where V is the lower compartment volume, A is the film transfer-area, y C2H4out is the ethylene concentration in the atmosphere, y C2H4ini is the initial ethylene concentration in the lower compartment and and y C2H4 (t) is the ethylene concentration at time t. O 2 and CO 2 permeability coefficients of both films were experimentally determined with steady state methods, using a Mocon ® Oxtran 2/21 permeation instrument (MOCON, Inc., Minneapolis, MN, USA) for O 2 and a chamber specially built with a permeation cell and connected to a gas chromatograph as described in a different article. [29] As mentioned above, a perforation was made in each package to avoid exhausting O 2 in the headspace before the end of the experiment and get an anaerobic phase. It was considered the gas transfer through the perforation in each package follows a modified Fick's diffusion equation incorporating a term of correction ε for gas diffusion resistance in the perforation. [29, 30] The change over time of O 2 , CO 2 , and C 2 H 4 in the MAP system can be described from the following differential equations:
In the equations above, it was considered that inside the package volume change is negligible, there is no gas stratification and total pressure is the same as atmospheric. The differential equations were numerically solved using a calculation routine built in Matlab ® (MathWorks, Inc., Natick, MA, USA) from the "ode15s" function (an implicit multistep method based on numerical differentiation formulas, NDFs). After the initial gas conditions were defined, in this case atmospheric levels, and the initial values of product weight, package arrangement, temperature, pressure and storage time were set, the change in the concentrations of O 2 , CO 2 , and C 2 H 4 were calculated with this routine. In the calculation, respiration and ethylene generation parameters obtained for the equations previously selected were included. The data generated in the calculation routine from the model were then compared with the experimental gas measurements in the packages.
Results and Discussion
Respiration Rates
In Figs. 1 and 2 , the respiration rates of the avocado and feijoa fruits as a function of O 2 within the hermetic containers are shown. The consumption rate of O 2 and the production rate of CO 2 were influenced, as shown in the figures, by the O 2 concentration in the atmosphere surrounding the product. The rates of O 2 consumption and CO 2 production were higher to the initial concentrations of O 2 (air) and became lower as the O 2 was consumed within the package. By decreasing the O 2 concentration, the slope of the concentration curves of O 2 and CO 2 becomes close to zero. The O 2 consumption and CO 2 production rates for avocado were somewhat lower compared to feijoa fruits at the different temperatures evaluated. At 24°C and y O2 = 0.2 (p O2 = 15 kPa; beginning of the test), r O2 and r CO2 values of 2680 and 3030 cm 3 kg −1 d −1 were obtained for avocado respectively (RQ = 1.13) and of 3650 and 4230 cm 3 kg −1 d −1 for feijoa, respectively (RQ = 1.16). López-López and Cajuste-Bontemps [4] obtained a r CO2 value of the same order but 52% smaller, circa 1450 cm 3 kg −1 d −1 at 23°C and p O2 = 17.4 kPa for avocados grown in Michoacan, Mexico. Velho et al. [9] for their part, obtained a r CO2 value of the same order but 40% smaller, circa 1750 cm 3 kg −1 d −1 at 23°C and p O2 = 21 kPa for feijoa grown in Santa Catarina, Brazil. At 6°C and y O2 = 0.2 (p O2 = 15 kPa) the r CO2 obtained for avocado was 960 cm 3 kg −1 d −1 , larger than the value obtained by Hertog et al. [18] for "Hass" avocadoes freshly harvested and grown in Auckland, New Zealand, 570 cm 3 kg −1 d −1 at 7°C and p O2 = 15 kPa. For feijoa, at 6°C p O2 = 15 kPa the r CO2 obtained was 1150 cm 3 kg −1 d −1 , circa 2.5 times higher than that obtained by East et al. [6] for "Unique" feijoa grown in New Plymouth, New Zealand, 360 cm 3 kg −1 d −1 at 5°C and p O2 = 21 kPa, and circa two times higher than the value obtained by Velho et al., [9] 700 cm 3 kg −1 d −1 at 4°C and p O2 = 21 kPa. These differences can be attributed to the different cultivars and cultivation zones of the fruits used in each particular study.
Respiratory behavior of avocado and feijoa fruits was described using the MMU and CK equations estimating the respective parameters from experimental data. The parameters of these equations are found in Table 1 . The O 2 consumption and CO 2 production rates increased directly with the temperature (Figs. 1a, 1b, 2a, and 2b) , reaching lower concentrations of O 2 (and higher CO 2 ) at higher temperatures. Temperature-dependence of MMU parameters, r max , K m , and K mu , and of CK parameter k, was set up obtaining the respective pre-exponential factors and the apparent activation energies by linear regression of the Arrhenius equation (Table 1 ). The positive values of the activation energies for the three parameters indicate a direct relationship between the temperature and respiration rates.
Apparent reaction orders a and b in the CK equation were found to be independent of the test temperature. The reaction orders for avocado and feijoa are shown in the Table 2 . Reaction orders are not integers indicating the complexity in the reaction mechanism of the respiration process. The negative values in the reaction order b in both O 2 consumption and CO 2 rates is marking the inhibitory effect of CO 2 concentration itself. At higher concentrations of CO 2 , respiration rates will be lower. This inhibitory effect by CO 2 is well established considering the good fit obtained with the MMU equation.
After obtaining the parameters of each equation, the predicted evolution in the O 2 consumption and CO 2 production rates as a function of O 2 concentration at the different test temperatures was calculated for both fruits. Predicted r O2 is shown as lines in Figs. 1a and 2a , and predicted r CO2 also as lines in Figs. 1b and 2b for the avocado and feijoa fruits respectively. Both equations adequately represent the respiratory behavior of the fruit according to the coefficients of determination R 2 of each equation (Table 1 ) and considering the fitness between the experimental and predicted data was good.
For the feijoa fruits, the MMU equation (R 2 = 0.977 for O 2 and 0.974 for CO 2 ) gets closer to the experimental data compared with the CK equation (R 2 = 0.917 for O 2 and 0.923 for CO 2 ), especially at 17 and 24°C where is clearly shown that the CK equation deviates from the experimental behavior. For avocado fruits both equations adequately represent the experimental behavior although the coefficients of determination for the MMU equation are slightly higher than for the CK equation.
With the CK equation it was possible to describe acceptably the respiratory behavior of the fruits (better for avocado), although the predicted values deviate from the experimental data for the highest temperatures. This is due the temperature influence is only expressed in the k parameter, while in the MMU equation is expressed in three different parameters and confirms the strong influence of the temperature on the respiration. The values predicted by the MMU equation were closer to the experimental data of evolution in the O 2 consumption and CO 2 production rates for the evaluated fruits and as shown in Figs. 1 and 2 do not lose accuracy at higher temperatures. The goodness-of-fit offered by the MMU equation is consistent with the findings for several products in other works. [21, 23] The above is not surprising considering the enzymatic nature of this process.
Ethylene Generation Rates
The ethylene production increased progressively with the testing time for the fruits studied in the headspace of the closed system. The ethylene production rates (r C2H4 ) were much higher for avocado than for feijoa, approximately six times larger, as shown in Figs. 3a and 3b . At 24°C and p O2 = 15 kPa, a r C2H4 value of 3.1 cm 3 kg −1 d −1 was obtained for avocado and a value of 0.5 cm 3 kg −1 d −1 for feijoa fruits. As mentioned in the introduction, López-López and Cajuste-Bontemps [4] report a r C2H4 value of 2.16 cm 3 kg −1 d −1 for avocado at 23°C and p O2 = 17.4 kPa, a third smaller than the value obtained in this study. Parra and Fisher [8] in turn, report r C2H4 between 0.9-1.2 cm 3 kg −1 d −1 for feijoa at 20°C, around twp=o times higher than the value calculated in this study. For both fruits, r C2H4 was higher at the beginning of the test (atmospheric O 2 concentration) and decreased as the O 2 in the containers was consumed by the fruits and the O 2 concentration came to near zero.
From the experimental data, the respective regression parameters of the MM and MMC equations were calculated ( Table 2 ). The equations adequately described ethylene production for both fruits. The predicted values were in good agreement with the experimental data as shown in Figs. 3a and 3b . The R 2 values obtained for the two were similar: 0.962 for MMC equation and 0.955 for the MM equation in the case of avocado and 0.969 for the MMC equation and 0.961 for the MM equation in the case of feijoa. Further, the cooperative terms h in the MMC equation were close to 1 for the two fruits, 0.95 for avocado and 1.06 for feijoa, respectively, so it can be said the experimental behavior of ethylene production for both fruits could be described acceptably with the simple MM. This is similar to results reported by Sanders et al. [17] who obtained cooperative terms close to one for freshly harvested fruits.
Temperature had an evident effect in the ethylene production for the both fruits. At 24°C and atmospheric O 2 concentration (p O2 = 15 kPa), r C2H4 for avocado was approximately 3.11 cm 3 kg −1 day −1 while at 6°C was 0.71 cm 3 kg −1 day −1 . For feijoa, at 24°C, r C2H4 was 0.50 cm 3 kg −1 day −1 , while at 6°C was 0.19 cm 3 kg −1 day −1 . This temperature-influence was expressed considering the parameters K mC2H4 and r maxC2H4 in both equations that are temperature-dependent through an Arrhenius-type equation. The pre-exponential values and the activation energies are listed in Table 2 .
As respiration rate was reduced by decreasing the O 2 concentration and increasing the CO 2 concentration surrounding the fruits, the ethylene production rate decreased in turn. This relationship between r C2H4 and r O2 is non-linear, which may be inferred because the equations used to describe both processes are also non-linear. Devlieghere et al. [15] found by contrast a linear relationship between r C2H4 and r O2 for several ripe fruits, though they used a simple Michaelis-Menten equation to describe the respiration process without considering the CO 2 inhibitory effect and considering ethylene emission as dependent only on the O 2 consumption process.
In some studies, it has been assumed that CO 2 has an inhibitory effect on the activity of the responsible enzymes of ethylene production in the fruit. [31] For the MM and MMC equations, it has not been considered an effect of CO 2 concentration on the ethylene production rate. However, it can be said there is one indirectly, since in both respiration equations evaluated (MMU and CK) the CO 2 concentration influences the O 2 consumption rate, the O 2 concentration in the atmosphere surrounding the fruit and so the rate of ethylene production.
At this point, it is worth mentioning that the parameters of respiration and ethylene production were obtained from experimental data particular to fruits evaluated. This means, from a cultivar, maturity stage and physiological characteristics defined (in this case, fruits of local cultivars and of physiological maturity as outlined in the Materials and Methods section). A more advanced maturity stage, for example, results in higher respiration rates. These variables related to the stored product itself affect the processes of respiration and ethylene production. [11, 12, 14] Likewise, they also have an impact on the predictive power of the developed model when it is desired to describe the behavior of another set of fruits with different characteristics. In the MM, the effect of these variables will be represented in the pre-exponential factors of the respiration or ethylene production parameters and for avocado or feijoa fruits with a different maturity or ripening stage, or with changes in their structure, for example, these pre-exponential factors will variate compared with the estimated factors for the fruits initially evaluated. For this reason, it is necessary to take into account these considerations in the application of the respiration and ethylene generation equations to predict the produce behavior in the MAP system.
MAP Validation
All the gas permeability parameters for the packaging films used in the MAP experiment are found in Table 3 . LDPE and PP permeability to C 2 H 4 was determined in the static permeation cell, obtaining the respective permeability coefficients for the test temperature (12°C) with R 2 of 0.979 and 0.986 for LDPE and PP, respectively. The permeability coefficients of the two packaging materials to O 2 and CO 2 were taken from [29] as explained above. Gas exchange through the perforation made in each package was calculated taking a correction factor ε equal to 0.5 times the diameter of the perforation, [29, 30] and obtaining the respective diffusion coefficients of O 2 , CO 2 and C 2 H 4 in air at 12°C from data reported in. [32] In all packages, O 2 concentration decreased and CO 2 and C 2 H 4 concentrations increased to constant levels in the headspace as shown in Figs. 4 and 5. Constant O 2 and CO 2 levels were reached [29] D i /air: gas diffusion coefficient in air, adapted from Xanthopoulos, et al. [32] d: perforation diameter; ε: term of correction; A h : perforation area.
approximately one and a half days after of the storage beginning ( Figs. 4a and 5a ), while constant levels of C 2 H 4 were reached after nearly 2 days (4b and 5b). The achieved equilibrium O 2 , CO 2 and C 2 H 4 concentrations were lower for LDPE bags compared with PP bags given the greater permeability of the former to each gas ( Table 4 ). As in tests of closed system, ethylene concentrations in packaging with avocado fruits (Fig. 5a ) were higher than those of feijoa ( Fig. 5b) , given the higher ethylene emission rate of the former.
With the respiration and ethylene production equations obtained and chosen above, MM and MMU, respectively, and with the gas exchange parameters in the packaging system, the differential Eqs. (12) (13) (14) were numerically solved. From this, predicted gas concentrations were calculated for the MAP system to test conditions.
As can be seen in Figs. 4 and 5, the gas evolution over time was well described by the integrated model. The predicted data suggest an increase and then a slight decrease in CO 2 concentration before reaching equilibrium levels inside the LDPE bags, which do not occurs in the PP bags. For O 2, a predicted decrease in the concentration occurs and then steady levels are reached in the same way that experimental behavior. The predicted equilibrium values were similar to those obtained experimental data, although seemingly closest for O 2 and CO 2 . The coefficients of determination of the model were above 0.9 for all cases except for ethylene concentration in the LDPE bags where were obtained R 2 of 0.893 and 0.879 for feijoa and avocado fruits, respectively. These R 2 values and experimental variability shown in C 2 H 4 data (Figs. 4b and 5b ) may be due to the inherent difference between the fruits taken for testing and the small amounts being counted in comparison with the O 2 and CO 2 concentrations, for example. Overall, with the integrated model, using the MMU equation for respiration, MM equation for ethylene production and gas exchange parameters through the packages, the gas evolution in the MAP system for the avocado and feijoa fruits was properly described according to the information in Figs. 4-5 and Table 4 .
The most important application of the developed model for the evaluated fruits is to setting a specific concentration in the headspace of the MAP system. In designing the MAP system, it is wanted to find the most favorable conditions for the produce preservation. In other words, steady and favorable concentrations of gases in the package headspace and that these equilibrium concentrations to be achieved in the shortest time possible. [29] From the developed model for the avocado and feijoa fruits, the permeability parameters required to achieve a defined equilibrium concentration of O 2 , CO 2 , or ethylene can be defined using the differential balance equations (Eqs. [12] [13] [14] ) and considering that in the period of equilibrium, the change of each gas over time will be zero. The time required to reach the equilibrium concentration depends on the difference between the target concentration and the initial concentration of gas in the MAP system. The less the difference between these concentrations, the equilibrium time will be lower in turn. Once the parameters of respiration and ethylene production are known, the MAP system can be manipulated to balance these processes and achieve the target gas concentration that is more favorable for the fruit. This manipulation of the system is done by altering its capacity to transfer gases according with the growers and dealers possibilities. First, the choice of a packing material to increase or decrease the permeability coefficients. If the packaging material has been defined, it is then possible alter the size of the package and thus increase its surface area and the packaging headspace. If the package size is already defined, then perforations can be made to increase the transfer capacity and achieve the required level of gas.
Conclusions
The MM equation with CO 2 MMU adequately describes the respiration process for feijoa and avocado fruits obtaining good fit between the predicted and experimental O 2 and CO 2 evolution compared to the CK equations. The ethylene production for the fruits was described with a good degree of accuracy using a simple Michaelis-Menten enzyme kinetics considering the likeness in the R 2 values obtained for the MM and MMC equations and closeness to unity in the cooperative term h of the MMC equation. The respiration and ethylene parameters were properly correlated with storage temperature using Arrhenius equations. With the developed equations of respiration and ethylene production, an integrated model to describe the evolution of O 2 , CO 2 , and C 2 H 4 concentrations in a MAP system was successfully established and validated. In the model, analytical expressions for calculating gas transfer through the package of films and perforations were properly used. Initial ethylene concentration inside the permeation cell ε
Correction term for gas transmission through perforations (mm)
